Abstract-The zero power sensor network represents a platform that enables fully passive wireless sensing based on the third order intermodulation principle. This work describes the development and evaluation of a zero power reader device. Results from the initial characterization are presented for the evaluation of the reader's performance in sensor readout at a distance of 5 m. The limitations affecting the readout range are investigated and highlighted to be based on the reader's self-intermodulation.
INTRODUCTION
The Internet of Things (IoT) is the great technological revolution of our generation. Current estimates of existing connected devices range from 6.4 -9 billion, or 17.6 billion including tablets and computers, with projections for up to 30 billion devices by 2020 [1] . Improvements in sensing technologies, wireless sensor networks, low power electronics and battery technology are all key drivers in the penetration of IoT [2] . In spite of the accelerating pace of innovation, the fact remains that IoT nodes largely require an individual power source. The requirement for constant maintenance and replacement of batteries may in fact present a larger inconvenience than the benefit of the connected device. The permanent deployment of battery powered IoT devices within structures, harsh environments or otherwise inaccessible places is therefore difficult or impossible. Moreover, the production of e-waste, worst of all in the case of used batteries, creates a significant logistic and environmental impact.
There is a clear need for development of fully passive wireless sensing technologies. Emergent systems ranging from near field HF RFID, to longer range SAW, UHF RFID and resonant wireless sensors are compared [3] . The Zero Power Sensor Network is an alternative solution to long-range fully passive wireless sensing.
II. ZERO POWER SENSOR
The Zero Power sensing mechanism is a fully passive technique applying the third order intermodulation principle. That is, the phenomenon by which a non-linear element in a circuit will perform a mixing of incident signals at different frequencies, providing their sum and difference frequencies. To exploit this a reader device transmits two frequencies, which are swept to stimulate resonance of a sensor node. These incident frequencies are mixed in a non-linear diode and their difference frequency is matched to resonate in a high Q circuit provided by a 2 MHz LFXTAL003037 quartz crystal oscillator. The resonating difference frequency is again mixed in the diode and backscattered to the reader. The difference in transmission frequencies at which the maximum backscattered signal is detected can therefore be used to determine the resonant frequency of the sensor node. A sensor element load 'pulls' the resonant frequency of the quartz and therefore the load capacitance and hence the sensed parameter can be extracted. The load must have a Q-factor greater than 5000 to be effectively read-out. The third order intermodulation technique has been an area of research at VTT for a decade, and has been published in PhD thesis [3] and [4] [5] [6] [7] .
III. READER ARCHITECTURE
In order to read out the passive wireless sensor nodes a reader device has been under development at VTT. The reader, with radio front end represented in Fig. 2 , provides synthesis of stimulus frequencies and a superheterodyne receiver for demodulation. The reader synthesizes its two transmission frequencies using a VCO coupled with a PLL, precisely controlled with a digital frequency synthesizer. The transmission frequencies, f1 and f2, are amplified and merged in combiner before being coupled to the antenna, through a circulator. A third frequency, fC, at the exact center point of the transmission frequencies is synthesized, for down conversion mixing in the superheterodyne receiver. The sweeps of f1 and f2 are made in the opposite direction, maintaining fC centered so The antenna detects the backscattered intermodulation signal and couples the received signal to the demodulator through the circulator. The down converted signal is band pass filtered to contain only the quadrature signals of the third order intermodulation response at the intermediate frequency (IF), set by the difference in transmission frequencies and related to the resonance frequency of the sensor node. The IF is amplified before a second down conversion mixing with 3fd/2 (where fd = f1 -f2) produces a DC level related to the intermodulation response. The system described provides the intermodulation response at a given frequency. By sweeping the difference between the transmission frequencies, the reader is able to scan that range for a maximum intermodulation response corresponding to the sensor nodes resonance frequency. This allows the extraction of the loaded quartz resonance frequency and therefore the sensor value.
The sensor node used in this case applies a 2 MHz quartz crystal oscillator with its resonant frequency 'pulled' to 2.0011 MHz by a fixed capacitance of 12 pF. The reader was designed to operate in the ISM UHF RFID band, 862 -890 MHz and output 15 dBm of power (23 dBm including antenna gain of 8 dB). In the reader, the transmission frequencies f 1 and f2 are selected to be 865 and 867 MHz and they are swept ± 1.2 kHz in steps of approximately 7 Hz, a limitation imposed for the synchronization between the high frequency synthesizers and the baseband mixing signal fd. In this scenario, the third order intermodulation responses at 2f1 -f2 and 2f2 -f1 are at frequencies of 863 and 869 MHz respectively and the baseband frequency sweeps from 1.99975 -2.00205 MHz.
In addition to the radio transmitter and demodulator front end, illustrated in Fig. 2 , the reader includes an AVR microprocessor device for control of frequency synthesis and acquisition of the DC intermodulation response through an ADC. Measurements can be delivered to a Raspberry-PI for online processing and streaming of real time data to a cloud service over Ethernet or Wi-Fi for analysis. An RFID module can be added for identification of sensor nodes according to [8] .
The reader device is shown in Fig. 3 . To allow quick optimization of different aspects of the design, a modular approach was taken. A motherboard, the lower horizontal PCB in fig. 3 , includes power conditioning and distribution, digital signal interface and mechanical connection to vertically mounted module PCBs. The motherboard provides separate PCBs for the high frequency elements including synthesizer and demodulator, and another for baseband signal processing. In between there is the embedded control AVR microprocessor, network interface Raspberry-PI and RFID module are mounted. The large power amplifiers for transmission and the combiner are placed below the motherboard. The reader is housed in a 3D printed casing with SMA connections for transmit and receive frequencies, and USB and Ethernet data interfaces.
IV. EVALUATION & RESULTS
The key limitation on the read range of the passive sensor is not based on the thermal noise of the reader but rather on the level of the third order intermodulation of the reader itself. All non-linear elements of the reader will generate an intermodulation effect, especially amplifiers and mixers. The ZRL-3500 amplifiers used provide an IP3 intercept point of approximately 44 dBm at 868 MHz. Every effort was taken to decouple f1 and f2, by shielding the synthesizer stages and providing different power and grounding for each synthesizer. Further intermodulation effects occur in the combiner and circulator and even at every UFL and SMA signal interconnect point between the synthesizer and the antenna.
To evaluate the reader's self-intermodulation a spectrum analyzer was connected to the RX terminal of the circulator in place of the reader demodulator, as shown in fig. 2 , to analyze the transmitted and backscattered signals. The results are shown in Fig. 4 . A thermal noise floor of approximately -80 dBm is observed. The third order intermodulation of the reader is observed at -40 dBm from the transmitted signal power, of which 44 dBm can be accounted for in the amplifiers' IP3 and 4 dBm is expected to represent the contribution of other nonlinear elements in the system. Fig. 2 . Reader Architecture. Frequency synthesis of f1, f2, amplified and combined for transmission, (f1 + f2)/2 coupled to the demodulator for two stage down conversion to a DC signal related to the intermodulation response. Spectrum analyzer is included to characterize the reader performance. The spectrum analyzer measurement is illustrated in Fig. 5 ; here the high side third order intermodulation response at 869 MHz is examined. Here a max hold is applied while the reader sweeps the difference frequency between f1 and f2 from 1.99975 -2.00205 MHz correlating to a sweeping third order intermodulation (2f1 -f2) between 869.0135 -869.0175 MHz. In the case of no sensor present, the intermodulation response remains constant at -40.4 dBm. When a sensor node, in this case a zero power tag loaded with a static capacitance of 12 pF, is placed at a distance of 5 m the back scattered IM signal is increased to 39.5 dBm and the sensor resonance is clearly detected at 869.0157 MHz.
The reader in its entirety was analyzed where the spectrum analyzer is switched for the reader superheterodyne receiver and the intermodulation response is twice down converted to a DC level and sampled with the ADC.
The Q channel intermodulation response in given in Fig. 6 and shown both without and with a sensor node placed at 5 m. Here one sample point corresponds to 0.5 mV and the noise floor related to the intermodulation response is at approximately 50 mV, giving a signal to noise power ratio of approximately 100. The intermodulation response related to the sensor at 5 m resonating at 2.0011 MHz can be clearly observed. The maximum read range, based on SNR can be estimated to be between 7 and 8 m.
CONCLUSION
A modular reader device for the zero power sensor network has been developed and described in this work. The key limitation of the reader is highlighted as the intermodulation caused by the reader itself due especially to the non-linear power amplifier devices. A preliminary investigation of the performance reading out a sensor node at 5 m has been made. A more detailed description of the reader design and a more extensive characterization of its performance will follow. 
